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SUMMARY: Cyclization of 2',)%-geco-5'- CMP and UMP with dicyclohexyloarbo-
diimide leads to 2',3%-seco=3't5'= cCMP and cUMP, formal structural analogues
of 3'15% cCMP and cUMP, POCly phosphorylation of 2',3'~secocytidine gave

the same product in 50% yield, plus three additional seco nucleotides, one

of which was independently obtained by enzymatic phosphorylation with the
wheat shoot phosphotransferase system, The behaviouwr of these nucleotides
has been examined in several enzyme systems, In particular, the geco 3'15'-
cyclic phosphates are resistant to beef heart cyclic nucleotide phosphodiest-
erase, but are slowly hydrolyzed to the monophosphates by higher plant cyclic
nucleotide phosphodiesterase., © 1986 Academic Press, Inc.

Oxidation of ribonucleosides {or their SY~phosphates) with periodate,
followed by reduction with borohydride, leads to cleavage of the C{2t)=C(3*)
bond to give 2',3'<geco nucleosides (ar their 5%-phosphates) (1).

Our interest in such compounds stems from their formal structural
resemblance to acyclonucleoside antiviral agents, acycloG and DHPG { Scheme 1),
the activities of which are mediated by their intracellular phosphorylatiem,
initially by viral thymidine kinase (2). From Scheme 1 it will be seen that,
if the S'-phosphate and 3'=0H of a Seco nucleotide are suitably oriented, it
should be feasible to prepare the corresponding 3':5'=cyclic phosphates,
structural analogues of the biologically important cAMP, cGMP, cCMP, etc.

(Scheme 2), We have, in fact, succeeded in preparing such analogues of cAMP

ABBREVIATIONSs DCC, dicyclohexylcarbodiimide; DMF, dimethylformamide; TEA,
triethylammonium; PDase, phosphodiesterase; c¢PDase, cyclic nucleotide phos-
phodiesterase; acycloG or acyclovir, M?-wdroxyethoxymethyl)guanme: DHPG,
9-( 1,3=dihydroxypropoxymethyl) gusnine; TIC, thin-layer chromatography.
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Scheme 1, Acyclonucleosides (R = H) and ecyclonucleotides (R = PO(OH). ).

G = guanine; B = any base. Notes The numbering system for tfie
carbon atoms of the acyclo chains is similar to that for the carbons of the
pentose ring.

Scheme 2, N = nucleoside or acyclonucleoside; B = base,

and related congeners (Stolarski et al., in preperation). During the course
of this work, Tolman et al. (3) reported the preparation of the cyclic phosp~

hate of DHPG, a potent broad-spectrum in vitre antiviral agent. Bearing in

mind the probable important role of the conformations of acyclonucleosides
(4), and their antimetabolic activities, which are dependent on their intra-
cellular phosphorylation (2), we here examine the behaviour of seco nucleo-

tides of wridine and cytidine in a number of enzymatic systems.

MATERIALS AND METHODS

Materials. Nucleosides and nucleotides were from Sigma (St. Iouis,
M0.) and Calbiochem ( Lucerne, Switzerland). Pyridine was distilled over
CaH,, and DMF was purified by azeotropic distillation with water and benze
ene, then distilled under reduced pressure. Dowex resins (2007400 mesh) were
from BioRad {Richmond, VA,), DEAE-Sephadex A-25 from Pharmacia { Uppsalsa,
Sweden} Merck (Darmstadt, GFR) cellulose P-254 plates were used for TIC with
solvents A-D, and silica gel 60P-254 plates with solvent E (see Table 1),

Enzymes. Snake venom %'-nucleciidase (EC 3.1.3.5), beef heart cFPDase
(EC 3.1.4,17) and rye grass 3'-nucleotidase (EC 3.1.3.6) were from Sigma.
Potato tuber cPDase (EC 3.1.4.=) was a highly purified preparation elsewhere
described (5). Purified E. gcoli uridine phospharylase (EC 2,4,2.3) was prep~
ared according to Vite & Magni (6), and cytidine deaminsse (EC 3.5.4.5) was
a crude extract from the same source totally free of uridine phosphorylase.
E. coli alkaline phosphatese was a product of Worthington (Freenold, N.J.).

SYNTHETIC METHODS
2% 3% seco uridine and cytidine were prepared essentially as described
vy lerner (7), and desalted by elution with 2.5% NH4OH from a column of
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Dowex 50Wx8 (H'). Secocytidine was obtained in crystalline form from enhyd~
rous ethanol in 56% yield, m.p. 167-169°C. Secouridine was obtained in 60%
yield, chromatographically homogeneous, but could not be crystallized.

2%,3'=5eco-5'=CMP, To 3.23 g (10 mmol) 5'~-CMP in 60 ml water, brought
to neutrality with triethylamine, was added 2.72 g (12 gnol) HIO4'2H20. The
solution was stirred for 1 hr, with addition of triethylamine to maintain
neutral pH, The reaction was terminated by addition of 1 ml ethylene glycol,
followed by portionwise addition, with stirring for 3 hr of 1.22 g (22 mmol)
NaBH,, Stirring was continued for 3 hr, and the solution diluted to 300 ml
and foaded on & 3.5x21 cm colum of Dowex 1x4(HCO0™). On elution with a
linear gradient of H_O=-1 M HCOOH (2 1), the product appeared at about 0.35 M
HCOOH. The pooled fractions were brought to dryness under reduced pressure,
the residue takem up in & small volume of water, and the product pmecigit-
ated with acetone to yield 2,91 g (89%) as the free acid, m.p, 208-210°C,
chromatographically homogeneous. Treatment with alkaline phosphatase led to
quantitative conversion to secocyiidine.

2%,3'-8eco~5'-UMP, Prepared from 2.2 g 5'-UMP<Na, essentially as for
2,3%-geco-5'-CHP, above, but with elution from the columm with a linear
gradient of H,0-5 M HCOOH (4 1). The product eluted at about 3 M HCOOH, and
was converted to the Ne, salt by passage through a colum of Dowex 50x8( Na de
The effluent was concengrated to small volume, and enhydrous ethanol added
to precipitate 1,72 g (78%) of a white powder, m.p. 162—166°C, chromatogra~
phically homogeneous, and quantitatively converted to gecouridine with
alkaline phosphatase,

21, 3%Secom3 V35 =cCHP, 2%,3%=seco~5'=CMP (390 mg, 1.2 mmol) was convee
rted to the 4-morpholine~R N'~dicyclohexylcarboxsmidine salt, which was
dried by evaporation from anhydrous pyridine and dissclved in 40 ml anhyd-
rous DMF, This solution was added dropwise to a boiling solutiom of 740 mg
(3.6 gmol) DCC in 110 m) anhydrous pyridine., The solution was refluxed for
a further 1.5 hr, and the reaction terminated by addition of 5 ml water.

The mixture was brought to dryness, and the residue Zrought to dryness
several times from water to remove residual pyridine, then taken up in 200 ml
water and filtered through & Celite pad and loaded on & 3.5x28 cm colum of
Dowex 1x8(HCO0™). On elution with & linear gradient of H_O-1 M HCOOH (3 1),
the product appeared at about 0,32 M. The pooled fractiofis were brought to
dryness, and the residue taken up in a small volume of water and precipitated
with absolute ethanol, to yield 310 mg (84%) of a white powder, m,p. 208~
2139 (dec.), chromatographically homogeneous,

2 3'=g6c0=3"45'-cUMP, Prepared from 405 mg (1.25 mmol) of 2',3'-seco=
-5'-UMP essentially as in the preceding paragraph, but with isolatiomn of %he
product on a 2.5%46 cm column of DEAE-Sephadex A=-25(HCO,”), Elution was with
a linear gradient of H,0-0.5 M TEA bicarbenate (2 1), e pooled fractions of
the product {at~0,18 f) were hrought to dryness, and the residue btrought to
dryness several times from eth&s_xol to remove reslidual TEA bicarbonate. The
product was converted to the Na' salt by passage through a columm of Dowex
S0t&B(NAY), the effluent reduced to small volume, and the product precipit-
ated with absolute ethanol to yield 375 mg (70%) of a white powder, m.p.
210-215"C, chromatographically homogeneous.,

Fhosphorylation of 2%,3%-secocytidine. Secocytidine (240 mg, 1 mmol) was
phosphorylated with POCly as described by Yoshikawa et al, (8). Following
neutralization of the reaction mixture with NaHCO4, it was loaded on a
3.5%22 cm colum of DEAE~Sephadex A-25( HCOB") . A water wash released 7% non-
reacted nucleoside, The oducts were then“eluted with a linear gradient of
H_O~1 M TEA bicarbmate fi 1), with collection of 19eml fractions. The first
peak, identified as 2',3'~seco=3'15'=~cCMP (fractions 28«42, 53% yield), was
followed by a secand, presumably an enantiomeric mixture of 2¢,3%-gpco=S*
(3%)-CMP (fractions 52-65, 13%). A third peak, 2?,3%-g800=3%45cCWP addit-
ionally phosphorylated at 2' (fractions 78-91, 11%), was succesded by a
fourth, 2¢,3%.secocytidine~31,5%bismonophosphate ( fractions 93-110, 14%),

21,3%~geco=2'-CMP, To & stirred suspension of 140 mg (0.5 mmol) of
29,3%-geco-3",5%-O=igopropylidenecytidine (prepared as for isopropylidene=
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cytidine, ref. 9) in 8 ml (Et0),P0 at 0°C, was added 200 pl (2.2 mmol) POCL,
and stirring continued until a 2lear solution formed., The mixture was left

at 4°C for 60 hr, 5 ml water added and, after 15 min, 20 ml 50% formic acid,
and the mixture left at room temp. for 3 hr. Formic acid and water were reme
oved under reduced pressure, 25 ml water added, the mixture neutralized with
NH,OH, and loaded on a 2x20 cm column of Dowex 1x8(HCOO ). Elution with water
released non-reacted secocytidine, followed by the nucleotide., The pooled
nucleotide fractions were freed of formic acid under reduced pressure, the
residue taken up in water, and deposited on a 2x22 cm columm of DEAE-Sephadex
A-ZS( RCO. '). A linear gradient of H20-0.4 M TEA bicarbonate eluted the prode
uct at a%out 0.21 M, The pooled fractions were brought to dryness several
times from water and ethanol to remove TEA bicarbonate, the nucleotide conve
erted to the Nay salt on Dowex 50Wx8(Na*), and precipitated from a 0,5 ml
solution with anhydrous ethanol to yield 87 mg ﬁ?%) of & white, chromatogre
aphically homogeneous powder., It was quantitatively converted to gecocytidine
by alkaline phosphatase,

Enzymatic phos lation of 2',3'=secocytidine. A 120 mg (0.5 mmol)
sample of 2',3%'=secocytidine was phosphorylated with the wheat shoot phospho-
transferase system ( 10) and deposited on & 2x18 cm colum of Dowex 1x8
(HCO0™). A water wash released 92% nonreacted nucleoside. Elution with a
linear gradient of H, O=1 M HCOOH (1 1), with collection of 19=ml fractioms,
led to one peak (fraftions 14=16, 5%), shown below to be an enantiomeric
mixture of 2',3%=geco-5%3')~CNP, followed by & second (fractions 17-19,
2.5%), identified as 2',3'-seco~2'-CHP by TIC {Table 1) and by its identity
with the product of chemical phosphorylation (above). Each product was quant-
itatively converted to secocytidine by alkaline phosphatase,

RESUITS

As described above, syntheses of 2',3%'-gecouridine, cytidine, 5'-UMP
and 5'-CMP, by standard procedures (7), combined with column chromatogrephy,
proceeded in high yield to furnish chromatographically homogeneous products
(see Table 1). While only secocytidine could be crystallized, the other
products exhibited reasanably good melting points further testifying to
their.purity.

As expected, cyclization of 2',3%=geco 5'=CMP and 5'~UMP with DCC (11)
also led to good yields of the 3!,5%-cyclic phosphates, again chromatograp=-
hically homogenecus, and with well-defined melting points.

Particularly interesting was the 1’0(213 phospharylation (8) of secocyt-
idine. In the case of the parent nucleosides this normally leads to formate
ion of the 5'-phosphates, With secocytidine, the mrincipal product was the
3%35%cyclic phosphate (53% yield), identical with that obtained by cycliz-
ation of geco=5'-CMP, We have eslewhere found that POCl3 phosphorylation of
gecondenosine gave the 3%:5%-cyclic phosphate as the major product (s0%),

additionally confirmed by NMR spectroscopy (Stolarski et al., in preparate
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Table 1. Ry values of 2',3%-gsco analogues with solvent systems (v/v):e

{A) iscpropancliwaters25% NH,OH (43411); (B) isopropanoliwater:acetic acid
(41421); {C) isopropencliwater E10:4); (D) isopropancl:1% ammonium sulphate
(7:3): (E) chloroformsmethanol (812). A dash indicates tailing.

Solvent system

ound
Gompoun A B c D E

2% ,3%8ecocytidine 0.83 0.79 057 0.74 0.07
2! 13"‘_3_022'\31(11116 0'77 Q.17 0.67 0,66 0.27
5 - UMP 0063 0062 0025 0.70 0,00
2¢,3%Seco~5"(3")-UMP 0.70 0.70 034 0,82 0,00
2%,3%Seco-3" 15 -cUNP 0.77 0,70 0.39  0.62 0,00
5'-CHP 0065 0053 0'14 0.72 0000
29,3%Seco-5% 31 )-CMP 0.73 0.58 0,22 0.84 0,00
2% 3V.Seco=3115%-cCHP 0.80 0.63 0.27 0,69 0,00
21,3%-Secocytidine=3?,5%-

bis{monophosphate) 0.45 0.23 - - 0.00
2%,3%-Seco-3'15"-cCMP=2'~

monophosphate 0.59 0.40 - - 0,00
2?,3'-Seco-3",5'-0-isoprop~

ylidenecytidine 0.85 0.86 0.75 0.74 0.33
2',3%.5eco-2'=CMP 0.75 0.52 - - 0,00

ion). This recalls various reported instances of formation of 3'15%-cyclic
phosphates of other nucleosides by phosphorylation with I’OCl3 and other
phosphorylating agents (12). By contrast, POCL, treatment of DHPG gave, as
the principal product, the 3',5'~bis(monophosphate), and only 74 of the
cyclic phosphate (3),

The other products of POC).3 phosphorylation of gecocytidine were ident-
ified as followss The product from peak II migrated on the colum, and on
TIC, as 2',3%seco-5'-CMP, and was quantitatively converted to Secocytidine
with alkaline phosphatase; however, this does not exclude the possibility
that it may be an enantiomeric mixture of 3'- and 5% phosphates, not resol-
ved on TIC, The product from peak III was readily identified since, on tre-
atment with alkaline phosphatase, it was quantitatively converted to seco-
3'15%-cCMP, hence must be seco-3'15'~cCMP additionally phosphorylated at 2'.
The product from peak IV migrated on the columm, and on TIC, like a bis(mon~
ophosphate) or diphosphate, was converted by alkaline phosphatase, via an
intermediate migrating on TIC like geco-5'-CMP, to Becocytidine and therefore
must be secocytidine~3',5'-bis{monophosphate); 2%,3%- or 2',5%~bis(monophos-

phate) are excluded, since then one of the intermediate( s) during alkaline
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phosphatase hydrolysis would have been the 2'~monophosphate, readily dist-
inguished from 3*(5')-monophosphates on TIC with solvent B ( see Table 1).
The foregoing results are similar to those obtained with 1’00]3 phosphorylet-
ion of gecoadenosine, confirmed by "2 ana ¢ mm (Stolarski et al., in
preparation) .

Enzymatic trials. Using standerd spectrophotometric assay procedures,
as well as TIC (see Table 1), it was found that Secocytidine is neither a
substrate, nor an inhibitor, of cytidine deaminase. Secouridine was not a
substrate of uridine phosphorylase; and, under conditions where the uracil
analogue of acycloG inhibited the enzyme with a Ki of 15 M (13), and the
uracil analogue of DHPG even more effectively (A, Drabikowska et al., in

preparation), the geco analogue did not detectably irhibit, Under conditions

where S5'~CMP was rapidly dephosphorylated by S%-nucleotidase, neither seco~
5%'=, nor 2%~, CMP was a substrate or inhibitor,

Particularly interesting were results with 3'-nucleotidase, With stande
ard assay conditions (14), using TIC (Table 1), gecocytidine-2'- and 5'-
phosphates were not substrates, However secocytidine~3',5'-diphosphate was
quantitatively converted, at about half the rate for 3'-CMP, to & wmononucle-
otide which must be seco~5'-CMP, a finding consistent with the fact that this
enzyme hydrolyzes ribonucleoside~3',5'-diphosphates to the 5'-phosphates (14),

Susceptibility of geco=3*:15'-cCMP to beef heart cPDase was examined both
by TIC, and by alkaline phosphatase liberation of Pi following opening of the
cyclic phosphate ring (5). No detectable hydrolysis was noted under condit-
ions where cCMP and cAMP were readily hydrolyzed. By contrast the gecocytidine
cyclic phosphate (as well as seco-3'15%-cAMP), was readily hydrol¥zed to the

mononucleoctide by potato tuber cFDase, at & rate about 10% that for cAMP,

DISCUSSION
The resistance of geco-3't5'-cCMP to beef heart cPDase is of interest
in relation to its susceptibility to higher plant cFPDase. However, mammalian
cells contain a non-conventional so-called cCMP PDase (15) with properties

similar in some respects to those of higher plant cFPDase {5)+ This prompted
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us to conduct a preliminary screening of several mammalian cell limes for

such activity, and we have found that, in fact, a sonicated extract of Ehrlich
carcinoma cells hydrolyzes seco=3'15%-cCMP and cAMP at rates about 15% of that
for 3'15%-cAMP, This is presently being further investigated.

The susceptibility of secocytidine-3',5'-diphosphate to 3'-nucleotidase
is relevant to the specificity of this enzyme, which hydrolyzes ribonucleo-
side-3*,5%-diphosphates to the 5'-phosphates, but is inactive ys arabinonucl-
eoside«3',5'~diphosphates and 2*~deoxyribonucleoside~3',5%~diphosphates (14).
It folleows that binding of the seco analogue by the enzyme must be accompanied
by suitable orientation of the 2'-OH, In particular, 2',3'-seco-2'-deoxycytid-
ine~3*,5'-diphosphate should not be a substrate, and synthesis of this compo-
und is under way.

We have found that phosphorylation of compounds like DHPG with wheat
shoot nucleoside phosphotransferase proceeds relatively efficiently (~ 50%).
It is therefore surprising that gecocytidine, which possesses three primary
hydroxyls, is phosphorylated to the extent of only 7.5%. Since for both typss
of campounds, the only products of enzymatic phospherylation are the ggpophos-
phates, it appears that in the geco analogue there may be mutual steric

hindrance between the 5%(3') and the 2' OH groups.
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